ABSTRACT
INTRODUCTION
Obesity and diabetes disproportionately affect populations of African background (1, 2) . Although obesity is strongly associated with insulin resistance and type 2 diabetes, the greater prevalence of diabetes among persons of African ancestry than among persons of other races-ethnicities cannot be explained simply by differences in body weight, total body fat, or waist circumference (3, 4) . Even among normal-weight persons, those of African ancestry have higher concentrations of fasting glucose and are more insulin-resistant than are those of other racial-ethnic groups (3, 4) . Moreover, differences in abdominal visceral and subcutaneous adipose tissue (SAT) do not explain racial-ethnic differences in hyperglycemia and insulin sensitivity (5) (6) (7) (8) (9) (10) (11) . In addition, body mass index (BMI; in kg/m 2 ) does not reflect changes in fat mass or muscle mass with aging.
More recently, research has focused on adipose tissue within the fascia surrounding skeletal muscle [intermuscular adipose tissue (IMAT)] as an independent risk factor for insulin resistance and diabetes (12) (13) (14) . Compared with whites, African Americans have greater IMAT despite comparable total body fat (6, 14, 15) . The main objective in the present study was to assess the relation between total adipose tissue (TAT), SAT, and IMAT in the lower leg and diabetes in a large cohort of Afro-Caribbean men. We tested the hypothesis that intermuscular fat is associated with diabetes independent of total and subcutaneous fat.
SUBJECTS AND METHODS

Study sample
The Tobago Health Study (THS), a population-based, longitudinal study of 3200 men ͧ40 y old on the Caribbean island of Tobago, began in 1997. Men were recruited without regard to their health status from the 7 parishes on the island, and participation was representative of the parish census. Subjects were recruited primarily by word of mouth. The population of Tobago is predominantly of West African origin. Ancestry-informative molecular markers have estimated 94% West African, 4.6% European, and 1.4% Native American ancestry in this population (16) . Men who participated in the THS were contacted again, beginning in late 2004, for a follow-up clinic examination. The present analysis is limited to Afro-Caribbean men at the follow-up visit who had comprehensive data on anthropometric measures, demographic information, medical history, lifestyle, fasting glucose, and pQCT measures of lowerleg skeletal muscle composition (n ҃ 1249).
Written informed consent was obtained from all subjects, using forms and procedures approved by the Tobago Ministry of Health and Social Services and the institutional review board of the University of Pittsburgh.
Data collection
Height was measured to the nearest 0.1 cm by using a wallmounted stadiometer. Weight was recorded to the nearest 0.1 kg on a balance-beam scale while the subject was shoeless. BMI was calculated. Information on lifestyle habits, demographics, medical conditions, family history, and medication use also was assessed by using standardized interviewer-administered questionnaires that were reviewed with the participant in the clinic. Alcohol consumption was self-reported in previously defined categories (none or 1, 1-3, 4 -7, 8 -14, 15-21, 22-27, or ͧ28 drinks/wk). Hours of television watching also were self-reported in previously defined categories (0, 1-6, 7-13, 14 -20, 21-27, or ͧ28 h/wk). We arbitrarily created 2 categories of television viewing (ͨ6 and ͧ7 h/wk) and 2 categories of alcohol use (1 and ͧ1 drink/wk). We also recorded information on selfreported walking, because walking is the predominant form of physical activity on the island. Information on family history of diabetes was collected for first-degree relatives (parents, siblings, and offspring).
Quantitative computerized tomography measures
A lower-leg pQCT scan was performed by using a Stratec XCT-2000 scanner (Orthometrix Inc, White Plains, NY) to evaluate the total, muscle, and fat cross-sectional areas of the calf. Scans were obtained at 66% of the tibial length, proximal to the terminal end of the tibia. This site was chosen because it is the region with the largest calf circumference, and there is little variability across persons (17) . Images of cross-sectional areas of the muscle and fat tissue were analyzed by using STRATEC software (version 5.5D; Orthometrix Inc). To maintain consistency, all images were analyzed by a single investigator who was blinded to the subject's diabetes status. With the use of edge detection and thresholding steps, the pQCT image can be segmented into bone and soft tissue measures. For this project, we selected measures of the calf TAT, SAT, IMAT, and total muscle cross-sectional areas (all expressed in mm 2 ).
Blood sample collection, glucose measurement, and classification of diabetes
Blood samples were obtained by venipuncture in the morning after a 12-h fast. Whole blood was drawn into sterile red-top (serum) tubes, which were left standing at room temperature for a minimum of 20 min to clot before centrifugation. Then the serum was aliquoted into 1.0-mL cryovials. The aliquots of frozen serum were shipped on ice packs by express courier and stored in Ҁ80°C freezers at the University of Pittsburgh. Serum glucose was measured by using an enzymatic procedure (18) . Diabetes was defined as a fasting serum glucose concentration ͧ 126 mg/dL (19) or current use of antidiabetes medication.
Statistical analysis
Analysis of covariance (ANCOVA) was conducted by using the general linear model procedure (GLM) to test for differences in adjusted mean characteristics of participants by age group and by diabetes status among normal-weight men. The percentage difference between younger and older age groups was calculated as [(trait mean ͧ70 y age groupҀtrait mean 40 -49 y age group)/ trait mean 40 -49 y age group] ҂ 100%. Logistic regression was used to examine the contributions of age, anthropometric measures, pQCT measures, lifestyle factors, and family history of diabetes to the risk of diabetes. The odds ratios (ORs) and 95% CIs were presented by a 1-SD increase for continuous variables. Variables with P 0.10 were further considered for inclusion in the multivariate stepwise regression analysis to determine the independent correlates of diabetes. We examined multicollinearity before the stepwise regression analysis by assessing the variance inflation factor (VIF). A VIF 2.5 for the logistic regression model was used as an indicator of multicollinearity (20) . By replacing different fat-related variables one at a time, we included another anthropometric obesity measure (eg, BMI, weight, and waist) with no multicollinearity along with SAT and IMAT in the stepwise logistic regression model. The model with the best goodness-of-fit is presented as the final model. We used SAS software (version 9.1; SAS Institute, Cary, NC) for statistical analyses.
RESULTS
Demographic, anthropometric, pQCT, and lifestyle characteristics and the medical conditions of the 1249 subjects are presented in Table 1 . Their mean age was 59 y (range: 40 -91 y). Almost 46% of the men were overweight, 24% were obese, and 21% had diabetes. Nearly half of all participants reported a family history of diabetes. Of the 262 participants with diabetes, 178 (67.9%) were currently taking glucose-lowering pharmacologic medication, insulin, or both.
First, we examined mean values of pQCT traits by 10-y age groups (Figure 1) . TAT showed no differences across the age groups. In contrast, total muscle area decreased (P 0.0001 after adjustment for height), IMAT increased, and SAT decreased with advancing age (P 0.0001 after adjustment for height, total fat and total muscle area). IMAT was 84% greater in men aged ͧ70 y than in men aged 40 -49 y. In contrast, SAT was 15% lower in men aged ͧ70 y than in those aged 40 -49 y.
Traditional lifestyle-related risk factors for diabetes (eg, physical inactivity, smoking, and alcohol intake) were not significantly associated with diabetes in age-adjusted analyses in this population ( Table 2) . Most of the obesity-related measures (eg, weight, waist circumference, BMI, and intermuscular fat) and family history of diabetes were positively and subcutaneous fat was inversely associated with diabetes, independent of age. We further tested the independent associations of these factors with diabetes in a stepwise multivariate logistic regression analysis.
SKELETAL MUSCLE FAT DISTRIBUTION AMONG AFRO-CARIBBEAN MEN
The model with the best goodness-of-fit is presented as the final model in Table 2 . Age, BMI, intermuscular fat, and family history of diabetes remained positively correlated with diabetes, but subcutaneous fat was negatively correlated with diabetes ( Table 2) .
Taking into consideration our findings from the multivariate analysis, we were also interested in whether there were any differences in lower-leg fat distribution by diabetes status in men with normal BMI (18.5-24.9) and similar waist circumference. It is interesting that, after adjustment for age, height, total fat, and total muscle area, lean diabetic men, compared with lean nondiabetic men, had significantly greater intermuscular fat (adjusted x Ȁ SEM: 230.4 Ȁ 20.6 and 180.3 Ȁ 9.2 mm 2 , respectively; P ҃ 0.01) but similar subcutaneous fat (adjusted x Ȁ SEM: 865.7 Ȁ 22.6 and 895.8 Ȁ 10.1 mm 2 , respectively; P ҃ 0.39). Finally, we tested the association between tertiles of intermuscular and subcutaneous fat and fasting serum glucose concentrations, stratified by family history of diabetes, in the total sample. The positive association between intermuscular fat and fasting plasma glucose concentrations was stronger in men who had a family history of diabetes than in those without such history (P ҃ 0.02 for interaction after adjustment for age, height, total fat, and total muscle area). This interaction effect remained significant after the inclusion of BMI or waist circumference as a covariate (P 0.05 for both). No family history of diabetes ҂ glucose interaction was observed for subcutaneous fat (P ҃ 0.59 for interaction after adjustment for age, height, total fat, and total muscle area).
DISCUSSION
In the present study, we determined the prevalence and risk factors for diabetes in a large, well-characterized population cohort of Afro-Caribbean men. Although comparison of prevalence estimates among different populations can be difficult, the prevalence of diabetes reported among Afro-Caribbean men of comparable age in Barbados was 14.8% (21) . The prevalence of diabetes among the more admixed African American men of similar age in the third National Health and Nutrition Examination Survey (NHANES III) was 13.1% (22) . Thus, the prevalence of diabetes in this Afro-Caribbean male population of Tobago appears to be very high (21%).
The current study supports the hypothesis that remodeling of fat distribution in skeletal muscle occurs with advancing age. Although TAT was similar across age groups, we found a decrease in subcutaneous fat and increase in intermuscular fat across age groups. This observation is in agreement with previous studies, which were conducted in African American women (23, 24) . Moreover, greater accumulation of intermuscular fat and, in contrast, lower accumulation of subcutaneous fat was associated with diabetes, independent of other risk factors. Among normal-weight men, greater IMAT was associated with diabetes independent of age, BMI, and total fat and muscle areas. On the other hand, subcutaneous fat did not differ between lean men with or without diabetes.
The question of whether fat reduction or fat accumulation in certain anatomical depots is associated with diabetes remains to be answered. For example, a previous study by Goodpaster et al (12) showed that, among obese persons and persons with type 2 diabetes, intermuscular fat but not subcutaneous fat is associated with insulin resistance. That study also reported that older persons with normal body weight are at higher risk of diabetes if they have an excessive amount of intermuscular or visceral fat, but such findings have not been observed for subcutaneous fat. Still, subcutaneous fat may be necessary as a storage depot for excess fat. In animal models, low subcutaneous fat has been strongly associated with insulin resistance, and transplantation of subcutaneous fat was associated with the setback of insulin resistance and dyslipidemia and less accumulation of ectopic adipose tissue in the liver (25) . In addition, patients with lipodystrophy have greater skeletal muscle adipose tissue accumulation. It was hypothesized that this may be to a defect in the ability of subcutaneous fat to store excess fatty acids and to its limited storage capacity, which leads to an overflow of fat into other depots, such as the intermuscular compartment (26) .
We found significantly stronger associations between intermuscular fat and fasting glucose in persons with a family history of diabetes than in those without such a history. This finding implies that certain persons of African ancestry may be genetically susceptible to diabetes in the presence of greater amounts of IMAT. We are unaware of other published reports of studies examining the relations between a family history of diabetes, glucose concentrations, and adipose tissue infiltration in skeletal muscle. Future genetic studies of the intermuscular fat phenotype may help to explain why some lean persons are at greater risk than are other lean persons for the development of insulin resistance and type 2 diabetes. Previous studies reported that African Americans have more intermuscular fat than do whites and Asians, even after adjustment for differences in total adiposity, skeletal muscle mass, and other potential covariates (13, 14) . The mechanisms underlying black-white differences in ectopic fat accumulation are unknown, but some studies have found less fat oxidation (27) and less lipolysis (28) in African American women than in matched white women. Other studies suggest that ectopic deposition of lipids may be higher in obese African American women than in obese white women because of the former group's higher rate of fatty acid uptake and higher expression of fatty acid-transporting proteins (29) . Further studies are needed to better understand the potential causes of greater accumulation of fat in the skeletal muscle of persons of African ancestry.
Defects in mitochondrial function also are believed to contribute to impaired fat oxidation and to greater adipose tissue accumulation in skeletal muscle (30) . Moreover, animal models showed that overexpression of uncoupling proteins (UCPs) in skeletal muscle, leads to better glucose tolerance, possibly by conversion of intramyocellular fat into thermal energy and by causing a lower accumulation of fat in skeletal muscle (31, 32) . Although the mechanisms linking accumulation of fat in skeletal muscle and insulin resistance are unclear, several human and animal studies have shown that an excess of fatty acid disrupts the insulin-signaling cascade (33) . Differences in the secretion of adipokines between intermuscular and subcutaneous fat also could be an explanation for the observed differences in fat depot associations with diabetes, because differences in adipose tissue function according to its anatomical location have been reported (34) .
The present study has several limitations. First, we did not assess the burden of diabetes among children, adolescents, younger men, or women, which may limit the generalizability of our findings. Second, our study was cross-sectional in design, FIGURE 1. Unadjusted mean (Ȁ 2SE) lower-leg peripheral quantitative computerized tomography (pQCT) skeletal muscle composition measures across 10-y age groups (the numerical values are shown in white boxes inside the bars). n ҃ 214, 444, 348, and 243 for the 40 -49, 50 -59, 60 -69, and ͧ70 y age groups, respectively. ANCOVA was used to assess age group differences in pQCT measures after adjustment for height (total adipose tissue and total muscle area) or height, total adipose tissue, and total muscle area (intermuscular and subcutaneous adipose tissue). Differences were significant (P 0.0001) across age groups for all pQCT measures except total adipose tissue. and our analyses may be subject to the limitations of crosssectional studies, such as cohort effects and biases introduced by selective survivorship. A longitudinal study would better delineate the effects of aging on adipose tissue infiltration in the skeletal muscle. Other potential limitations are recall bias in reporting the presence of diabetes in family members and the possibility that the reported family history of diabetes included cases of type 1 diabetes. Furthermore, participants may have inaccurately reported that they are receiving diabetes medications. Participants in the THS were primarily self-referred, and therefore, there is the potential for a selection bias to inflate the estimated prevalence rates. However, the THS was originally designed to estimate the burden of prostate cancer, and thus we believe that self-selection bias would not affect the prevalence of diabetes in the population sample of the present study. Finally, most previous studies have used a single CT slice of the midthigh to assess fat infiltration in skeletal muscle (35) (36) (37) . By obtaining a single slice in the calf muscle, we were able to measure a smaller depot of skeletal muscle adipose tissue than that available through CT measures of the midthigh. Nonetheless, previous studies have noted a relatively strong correlation between calf and midthigh muscle adipose tissue infiltration (38) .
In conclusion, we observed in this Afro-Caribbean population a high prevalence of diabetes, adipose tissue remodeling in skeletal muscle with advancing age, and a positive association of intermuscular fat with diabetes, even among lean persons. We also observed a stronger association between intermuscular fat and glucose concentrations in persons who had a family history of diabetes than in those who did not. Our results illustrate the importance of separately measuring the subcutaneous and intermuscular fat depots. Our study also illuminated a possible modulating effect of a family history of diabetes on the relation between intermuscular fat accumulation and diabetes. Further studies are warranted to identify the specific genetic and physiologic mechanisms that influence the distribution of adipose tissue in skeletal muscle. Such studies may provide new insights into the pathophysiology of and genetic susceptibility to diabetes and may suggest new therapeutic targets for the treatment and prevention of insulin resistance.
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